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resulted in following technical solutions for adapting the radiation beam aperture to account for the respiration-induced target motion: 1. Motion-encompassing method 2. Respiratory gating 3. Tracking.
The purpose of this review article is to summarize the magnitude of respiration-induced tumor motion, its effect and management. This article is organized into three parts. Magnitude and impact of respiration-induced tumor motion are discussed in first two sections. The third part is devoted to discussing different means of respiratory motion management techniques.
MagnItude of respIratIon-Induced target MotIon
The extent of respiration-induced target motion is mainly measured using the tools such as fluoroscopy, [8] [9] [10] [11] computed tomography (CT), [12] and magnetic resonance imaging (MRI).
[13] Table 1 shows the summary of respiration-induced lung tumor motion. In general, the lung tumor displacement is not isotropic and is predominantly in the craniocaudal direction. [8, 13] Mageras et al. [14] evaluated the lung tumor motion characteristics using four-dimensional CT (4DCT). They found that the tumor motion was more than 1 cm for seven cases out of 12, primarily in the craniocaudal direction. Lung tumor motion is related to target volume and location. Yu et al. [12] compared lung tumor motion characteristics in non-small cell lung cancer patients between early and locally advanced stage using 4DCT and also determined the tumor motion relation with position, volume, and diaphragm motion. They observed that the tumor motion (95 th percentile) was greater by more than 50% in early-stage group than locally advanced lung cancer group. Early tumors situated in lower lobe showed the maximum displacement (median: 9.2 mm) compared to upper and middle lobe tumors which showed less motion (median: 3.3 mm).
In addition to lung, abdominal tumors such as in the esophagus, [15, 16] liver, [17, 18] pancreas, [19] [20] [21] and kidneys [22] [23] [24] also tend to move due to respiration [ Table 2 ]. Similar to lung tumor motion, respiration-induced abdominal tumor motion is also primarily in the craniocaudal direction. Motion characteristics of kidneys revealed a complex pattern and were observed to be strongly related to respiration. [22] [23] [24] The right kidney tends to move more than the left kidney due to the proximity of the liver. [23] Detailed summary of kidney motion can be found in the recent review by Pham et al. [24] Prostate is also known to move with respiration, [25, 26] and this could be significantly reduced in supine patients when the thermoplastic shells were removed.
IMpact of respIratIon-Induced target MotIon durIng radIatIon treatMent delIvery
Intra-(during the fraction) and inter-fractional (between fractions) motion of tumor/target causes geometric and dosimetric uncertainties in the radiation therapy treatment delivery. [28] The intrafractional motion is mainly due to respiration. Respiration-induced target motion would produce a dose blurring at field edge in a static radiotherapy beam, whereas in dynamic treatments, the effect would be entirely different.
For example, in a dynamic intensity-modulated radiotherapy (IMRT) delivery, along with the collimator (multileaf collimator [MLC] or jaw), the tumor is also moving in sites such as lung and upper abdomen which introduces the interplay effect; due to this, the delivery becomes more challenging. These uncertainties negate the real benefit offered by IMRT unless compensated. Dosimetric effect of respiration-induced target motion in radiation therapy was reported earlier. One of the first studies Shimizu et al. [9] (4 patients) Real-time tumor-tracking system (fluoroscopy) Chen et al. [10] (20 patients) Fluoroscopy Range --0.0-50.0 Seppenwoolde et al. [8] Sixel et al. [11] Erridge et al. [27] (25 patients) Orthogonal portal images acquired at random points in the breathing cycle Mean (range) 9.4 (4.8-21.5) 7.3 (3.2-12.3) 12.5 (4.7-33.8)
Yu et al. [12] Plathow et al. [13] (20 patients)
Dynamic MRI Lower lobe mean (range) 6.1 (2.5-9.8) 6.0 (2.9-9.8) 9.5 (4. [29] who simulated the interplay effect (parallel direction to MLC leaf motion) on a single-field IMRT based on MLC. The simulations were done for different velocities of target motion and MLC motion as well as different field width. The dose variation was considerable, and this strongly depends on the speed of the MLC motion relative to the target motion. They also found that the dose deviation increased with the decrease of beam width. In addition, they also investigated the influence of fractionation on the interplay effect and found that the dose error was reduced to 10% when considering thirty fractions. Similarly, Pemler et al. [30] demonstrated that the magnitude of interplay effect in a single dynamic wedge treatment would be 15%.
In a noteworthy work, Bortfeld et al. [31] conducted a statistical evaluation on the effect of intrafractional motion on IMRT dose delivery, and showed that the effect of respiratory motion on an IMRT delivery is negligible (<1%) when we consider entire course of treatment, i.e., thirty fractions, and this effect is independent of delivery techniques. Similarly, in an experimental investigation, Jiang et al. [32] showed that the maximum dose deviation was up to 30% and 18% for single field and fraction; this was reduced to <1%-2% after thirty fractions.
Although the dosimetric errors of respiratory motion averaged out over thirty fractions, it is intuitive to ponder that it may be a concern in the advanced treatment regime (stereotactic body radiotherapy [SBRT]) which utilizes fewer fractions. However, it was recently shown that the respiratory motion effect on SBRT treatment delivery is also negligible. [33] [34] [35] [36] Li et al. [33] evaluated the dosimetric effect of interplay between the tumor respiratory motion and dynamic multileaf collimator (DMLC) motion in a volumetric modulated arc therapy (VMAT) delivery of lung SBRT treatment (60 Gy in 3 fractions) by a flattening filter-free (FFF) linac (TrueBeam, Varian Medical Systems). They included six lung cancer patients who had motion range 0.5-1.6 cm, and the planning study was carried out on 4DCT scans using two-arc VMAT plans. The control points of original static VMAT plans corresponding to each respiratory cycle were calculated, and ten new VMAT plans were generated. Deformable image registration was used to accumulate the four-dimensional (4D) dose distribution of ten VMAT plans. Although the target (Gross Tumor Volume [GTV] + 5 mm) coverage decreased with increased respiratory motion amplitude, the overall dose deviation (<3.2%) was insignificant. They concluded that the dosimetric impact of interplay effect on target coverage was insignificant in lung SBRT with FFF-based VMAT delivery.
Mutaf et al. [37] simulated the dosimetric effect of irregular motion of lung tumors in 23 patients. Evaluations were carried out with two types of respiration irregularities; characteristic (random fluctuations in determination of the target motion) and uncharacteristic motions (systematic errors in determination of the target motion). Characteristic motions resulted in minimal deviation in target coverage (2.5% ± 0.9%) for the targets moving at 2 cm amplitude, and these types of motions showed 50% variation in the amplitude within a session. However, the uncharacteristic irregular motion showed larger variation in the target dose (9.6% ± 1.7%) for 2 cm amplitude. They concluded that among all types of irregular respiration, the uncharacteristic irregular motion was a clinically significant source of dosimetric uncertainty. In addition to lung, breast [38] and prostate [39] motion would also create dosimetric uncertainties.
Most of the studies concluded that the respiratory motion-induced dosimetric uncertainties were larger for single field or fractions and averaged out over the entire treatment delivered over several fractions. However, this effect may be different for different patient respiratory parameters such as breathing amplitude, phase, and period. This was shown by Berbeco et al. [40] who measured the interplay effect in lung IMRT treatment using radiographic (Extended Dose Range 2 [EDR2]) films. Films were placed over a phantom which was programmed to simulate a sinusoidal motion (2 cm peak-to-peak amplitude and 4 s breathing period) in the craniocaudal direction (perpendicular to leaf motion), and five field lung IMRT plans were delivered on the moving phantom. Static delivery was compared with the measurement with target motion. It was observed that the standard deviation of the dose due to interplay was <2%-4% for high-dose region on a day-to-day basis. However, when thirty fractions were considered, these were reduced to <1%. On the other hand, the minimum dose of moving target was reduced to 6% compared to static even after thirty fractions. Similarly, Mohn and Wasbø [41] also pointed out that the dose deviation reduction (averaging) with increasing number of fractions is plan and patient specific, and this should be evaluated before the final clinical decision.
Advanced techniques such as gating and tracking can be employed to manage the respiration-induced target motion. The use of these techniques is encouraged only if considerable benefits are expected over the entire treatment course. Experimental measurement of dosimetric uncertainties of respiratory motion is laborious, and to have an idea about these dosimetric uncertainties, a patient-specific computational model is also reported. [42] solutIons for the ManageMent of respIratIon-Induced target MotIon In radIotherapy Recent developments in radiotherapy have resulted in various technical solutions for dealing with the respiratory motion, i.e., motion-encompassing, breath-hold, gating, and tracking method.
Motion-encompassing method
Intrafractional organ motion is an important issue in the era of conformal radiation therapy. The respiratory motion varies with respect to site, size, and shape of the organs and tissues during each session of treatment. If it is not accounted for, the tumor may be underdosed as well as normal tissue sparing may be also compromised; therefore, a safety margin called internal margin (IM) is added to CTV. [7] CTV plus IM forms the internal target volume (ITV), and Figure 1 shows the ITV defined by ICRU 62. Optimal ITV must be used for better therapeutic ratio. Various techniques such as fluoroscopy, CT (slow, breath-hold, and 4DCT), and cone beam computed tomography (CBCT) were explored for defining the ITV. [43] Sixel et al. [11] used a digital fluoroscopy integrated with CT scanner to measure the motion of lung tumor for deriving ITV. The fluoroscopic data were overlaid with digitally reconstructed radiographs to assess the tumor motion, and this approach is helpful in designing optimal patient-specific margin. The fluoroscopy-based tumor motion evaluation has many disadvantages (limited to two-dimensional [2D] motion, it is applicable to tumors which are visible in fluoroscopy). Therefore, CT-based tumor motion assessment techniques were evolved.
Lagerwaard et al. [44] used multiple slow CT scans for determining ITV. The ITV volumes obtained with slow scan were always larger, and it was observed to be more reproducible. This indicated the potential use of slow scans in capturing the tumor movement. Wurstbauer et al. [45] evaluated possibility of using slow CT for delineating tighter margins in external beam treatment planning of lung cancer. They showed that the slow CT scan resulted in larger ITV compared to fast CT scan. Shih et al. [46] conducted a study to determine the expansion margins (IMs) beyond individual GTVs which were defined by (1) fast scan at shallow-free breathing, (2) breath-hold scans at the end of tidal volume inspiration and expiration, and (3) 4-s slow scan. The GTV was contoured on each CT scan, and the composite GTV was generated by combining all. Margins necessary to encompass the composite GTV beyond individual GTVs defined by either fast scan at quiet free breathing, breath-hold scans, or the 4-s slow scan at quiet free breathing were defined as expansion or IMs. It was observed that the expansion margins required to approximate the composite GTV in 95% of cases were 13, 10, and 5 mm for the GTVs of a single fast scan, 4-s slow scan, and breath-hold scans, respectively. They concluded that the GTV defined with breath-hold scans at the end of tidal volume inspiration and expiration has a narrower range of IMs in all directions than that of either a single fast scan or 4-s slow scan.
The slow CT scan may be better than fast CT scan for ITV definition; however, it has certain limitations. The main disadvantage of slow CT scan is the loss of resolution and contrast due to motion blurring, which leads to larger interobserver errors in tumor and critical organ delineation. Technical advancements resulted in 4DCT for defining the tumor mobility accurately. 4DCT technique images multiple respiratory states within one data acquisition. The basic principle involves temporally oversampling data acquisition at each couch/slice position [ Figure 2 ]. The 4DCT scan captures the changes in target position and shape, which are quantified as a function of the respiratory cycle. The respective respiratory phase at the time of image acquisition is digitally "stamped" on each CT image. Once the 4DCT scan is performed, 4D software automatically sorts the images into individual three-dimensional (3D) image sets, each representing the entire patient's anatomy during a single respiratory phase. This enables tumor and organ movement to be visualized and utilized for determination of individualized margins for treatment planning.
Underberg et al. [47] compared multiple standard CT scan (six numbers) generated ITV with a 4DCT-generated ITV in ten patients. They observed that ITV resulted by 4DCT was not significantly different from multiple CT scan ITVs in eight patients, whereas for two patients who had larger target motions, the 4DCT ITV was noticeably larger. Further, combined ITVs were also generated by adding the multiple CT scan ITVs with 4DCT ITVs. Twenty-two percent of multiple CT scan ITVs were not overlapping with combined ITVs whereas this was 8.3% for 4DCT. They concluded that a 10 mm margin with a single CT scan is inadequate, and the six fast scan ITVs were comparable or smaller than a single 4DCT scan ITV. In another study, Underberg et al. [48] used maximum intensity projection (MIP) technique for determining ITV from multiple phases of 4DCT. This reduces the workload of contouring the tumor and critical organs in multiple data set (often ten phases). They observed that the ratio of ITVs generated from all ten phases to those from MIP scans was 1.04 and the corresponding center of mass of both ITVs differed by <1 mm. They concluded that MIP can be a reliable tool in generating ITV. Wang et al. [49] compared the 4DCT, fast helical CT, and multiphase CT (fast CT, end-inspiration and end-expiration breath-hold CT) for ITV definition and daily target coverage in SBRT. They observed that the 4DCT consistently resulted in lesser ITV than other scans and concluded that SBRT treatment planning based on 4DCT decreased the normal lung dose with adequate target coverage when it is used in conjunction with image guidance.
Studies were also attempted to use treatment verification imaging such as CBCT for defining ITV. Wang et al. [50] demonstrated the feasibility of verifying the ITV of 4DCT with onboard free-breathing CBCT. They demonstrated this technique in phantom experiments and also in patient cases. The planning ITV was determined using ten phases of 4DCT scans, and the localization accuracy of CBCT was assessed by comparing the CBCT ITV with 4DCT ITV. They observed that the localization accuracy between ITVs of 4DCT and CBCT was <1 mm and ITV deviation was <8.7% for phantom experiments. For patient cases, the deviation was within 8.0%. This study demonstrated that CBCT can be used to localize ITV for moving targets (because CBCT acquisition is similar to slow CT [gantry rotation is slow]). In a recent study, Wang et al. [51] also compared 3D CBCT with 4DCT MIP (segmentation based on gradient method) for ITV localization and found that the 4DCT MIP was generally larger than (10%) those obtained with CBCT. They also observed that maximum difference in centroid position was <1.4 mm between two modalities.
In addition to radiological imaging, nuclear medicine functional imaging was also used for ITV definition. Chang et al. [52] used a static positron emission tomography (PET)/CT scan to determine the ITV. The PET image was described as a consequence of a joint convolution of an ideal PET image (free from motion and partial volume effect) with a motion-blurring kernel (MBK) and partial volume effect. Using the deconvolution process, the MBK and an ITV were estimated. The feasibility of this method was evaluated on phantom experiments as well as patient studies. The ITV of PET/CT was compared with the ITVs of 4DCT and better concordance was observed. They concluded that their approach, i.e., a single static PET/CT scan has the potential to replace the 4DCT for determining ITV. Callahan et al. [53] evaluated the 4DPET imaging for deriving the ITV of moving tumors and concluded that the free-breathing PET/CT always underestimates the ITV in comparison to 4D PET/CT. Further, they also validated the 4D PET MIP approach for ITV volume contouring and found that it was closely matching with the MIP resulted from 4DCT.
Lung radiotherapy treatment is usually planned with a single 4DCT acquisition and this may or may not be accurate. Guckenberger et al. [54] evaluated the adequacy of a single 4DCT to characterize the lung tumor motion in SBRT treatments. In their study, four repeated 4DCT acquisitions were acquired for ten patients with 10 min interval, and the target motion variation in each scan was analyzed. They concluded that a single 4DCT scan was sufficient for majority of cases; however, larger discrepancies were observed for the lower lobe tumors and pulmonary compromised cases. Dosimetric effect of interfractional variation of lung tumor motion and volume was also analyzed using repetitive 4DCT. Britton et al. [55] evaluated the geometric and dosimetric effect of interfractional variation of respiratory motion and volume in non-small cell lung cancer treatments. Although the observed dosimetric changes (ITV dose <3%) were small, they recommended the use of image-guided treatment and repeated imaging to know the interfractional changes in tumor motion and volume during treatment course.
It is important to verify the accuracy of IM during/before treatment delivery. Guckenberger et al. [56] described a novel method that can be used to verify the IM of liver tumors. In their method, the liver volumes were contoured on end-inhalation and end-exhalation CT scans derived from a 4DCT and on the CBCT scans acquired after patient positioning. The blurred diaphragm dome in CBCT was considered as the probability density function defining the range of liver motion. The liver contours from the planning CT were manually matched with CBCT to know the adequacy of IM. On the other hand, recently, the 4D CBCT verification imaging is also used for this purpose. [57, 58] 
Respiratory gating
The motion-encompassing method includes large amount of normal tissues and hence it may not be an optimal approach. Techniques to include the respiratory motion with reduced margin are being developed. Gating is such a technique which administrates the radiation delivery at particular point of respiration [ Figure 3 ] and results in reduced ITV margin. There are two types of gating techniques commonly employed; (a) phase gating and (b) amplitude gating. In the phase gating, the radiation beam is turned on whenever the respiratory signal is within the gating window that is defined based on respiratory signal phase [ Figure 3a ]. The amplitude gating is also referred as "displacement gating." In this method, the radiation beam is turned on whenever the respiratory signal is within the gating window that is defined based on amplitude/displacement of the respiratory signal [ Figure 3b ].
Gating in radiotherapy is being studied since 1989 by various authors. [59] [60] [61] [62] [63] [64] A pioneer study about gating was carried out in early 1990 in Japan. Ohara et al. [59] reported the first application of gating in a linear accelerator which uses a microwave oscillator to start/stop the radiation beam at particular point of respiration. Efficacy of gating technique was also tested in phantoms and it was also extended to patients. The respiratory motion was measured using an airbag system which was placed over patient. Tada et al. [61] reported successful clinical implementation of gating techniques for the treatment of six lung cancer patients and observed that the gating requires longer time (double) than the conventional treatments. Since the radiation beam is delivered with multiple beam holds in gating technique, the beam characteristics should be verified, and various investigations compared the beam characteristics under gated operation with non-gated beam. [62, 63] One of the first studies evaluating the dosimetric characteristics of gated photon beams was reported by Ramsey et al. [62, 63] Varian linear accelerator (Clinac 2100C/D) was used for the gated delivery of 6 MV and 18 MV X-ray photon beams. The beam output, energy, flatness, and symmetry deviations (compared to non-gated measurements) under gating were <0.8% in various gating duty cycles. They also emphasized that though the deviations of radiation beam under gating may be clinically insignificant, its performance should be evaluated and compared with non-gated operation before clinical implementation. Kubo et al. [65] presented a complete workflow of breathing synchronized radiotherapy treatment starting from simulation, CT scan, treatment planning, and radiation treatment delivery. Their gating system consisted of a respiration monitoring system and linac with gating hardware and software. Fluoroscopy images synchronized with respiratory motion were recorded for defining the gating window. The respiratory signals could be used to gate the X-ray beam at appropriate gating window. The gating system was capable of performing both breath-hold and gating techniques.
In principle, gating can be delivered based on either phase or amplitude of respiratory motion. For a regular and periodic respiratory motion, both the amplitude and phase gating would result in similar (not identical) duty cycle and residual target motion. In case of irregular breathing, the amplitude gating may result in less residual error than phase gating, but the duty cycle (defines fraction of time during which the beam is "ON") would be higher. [66] The breath-hold is also another form of gating in which the radiation beam is administrated during breath-hold, and it requires a breath-hold CT for treatment planning. The main advantage of breath-hold is that the duty cycle is increased with minimal/no residual target motion, and the main disadvantage is that it may not be applicable to all lung cancer patients due to their pulmonary compromised status. The breath-hold technique may be a valuable technique in the left breast cancer radiotherapy for decreasing the cardiac complications, where the breath-hold can be used to push the chest wall away from the heart. [67] Optimizing the parameters related to gated treatment is very important for accurate radiation treatment delivery. Vedam et al. [68] determined the optimal duty cycle that balances the treatment margin and time. They observed a phase shift between diaphragm and external chest wall motion, and it was up to 12% (42°) for a patient. Gating during exhale was more reproducible than inhale, and for a patient, they determined that 40% duty cycle was optimal. However, they also stated that these findings may differ from case to case and should be evaluated on an individual basis.
Respiratory gating is also extended for the dynamic treatments such as IMRT. Kubo and Wang [69] tested the compatibility of Varian linac (2100C) for EDW and IMRT delivery under gated operation and observed no deviation. Similarly, the gating technique is also introduced in the arc treatments. Nicolini et al. [70] investigated the feasibility of delivering the VMAT treatment by RapidArc under gated operation and concluded that the gating during RapidArc delivery was feasible. Recently, feasibility of gating during electron beam treatments has also been attempted. [71] To capture the patient's respiratory wave, additional devices are required. The respiratory wave can be generated using either external surrogates or internal tumor/surrogates and the gating based on these methods are referred to as "external gating" or "internal gating," respectively. Often, the gated delivery of lung tumor is based on the external surrogate signals because such systems are cost-effective and provide real-time signals without any ionizing radiation, and Figure 4 shows commercially available systems. The external surrogate signals can be derived using one of the following methods: 1. Measuring the abdominal pressure by strain gauges (Anzai respiratory gating system) 2. Measuring the chest wall motion by either optical system coupled with infrared (IR) source and camera (Varian RPM system) or laser surface imaging 3. Measuring the inspiration and expiration air volume using spirometry (Elekta ABC system) or temperature change.
However, the external surrogate motion may not accurately represent the internal tumor motion; there may be a phase shift between external surrogate motion and the internal tumor motion which needs to be corrected or accounted (by correlation) during treatment simulation. [1] Nevertheless, it was shown that phase shift observed between internal tumor motion and external surrogate motion during the simulation process was not constant over the course of radiotherapy treatment and there may be a phase offset. [72] [73] [74] [75] Usually, the internal gating techniques require a fiducial marker implanted on/near to the target for tracking the respiratory motion. Smith et al. [76] reported a successful implementation of gating technique using the real-time tumor motion signal (without the use of radiation dose for imaging) obtained from implanted wireless electromagnetic (EM) transponders. The latency (or delay) of transponders was within acceptable range and this resulted in better dosimetric accuracy during gated delivery. Insertion of fiducial marker through percutaneous method is associated with increased risk of pneumothorax. Therefore, bronchoscopic placement of marker with the assistance of multimodality imaging was also explored. [77] Alternatively, markerless tumor-tracking techniques are also being explored. Serpa et al. [78] reported a gated treatment verification method using electronic portal imaging device (EPID) markerless tracking technique for the treatment of seven lung cancer patients. An integral part of their system was in-house developed software called portal track, and this tracks the target position in the EPID images without any fiducial marker. They demonstrated the feasibility of determining the tumor position using EPID images without using the fiducial markers during the gated treatment delivery.
The gating technique is indicated to the patients who have regular and reproducible respiration with the tumor motion >5 mm.
[1] The treatment verification imaging of gated treatment should also be under gated operation so that the time-dependent patient anatomy can be verified effectively.
One of the important issues during gated treatment is "trigger delay," and it is defined as the time delay between the gating trigger initiation from the respiratory device and the response (beam "ON") of the treatment unit. Improper characterization of time delay would result in positional errors in delivering the dose during gating, and this leads to missing of target or overdose of critical organs. Jin et al. [79] presented a method to measure trigger delay of gating system using a simple motion phantom. They reported a value of 0.17 ± 0.03 s delay for linac-based gating system. Finally, all the new technology development success relies on clinical results. Giraud et al. [80] reported a multicenter study that compares respiratory gated conformal treatments and conventional conformal treatments and showed that the respiratory gating (breath-hold/gating) techniques could able to reduce the toxicities related to lungs, heart, and esophagus. It demonstrated that the theoretical/physical advantages of respiratory gating (breath-hold/gating) have correlation with clinical findings. 
Determining real-time target position
One of the important processes in real-time tracking is the determination of real-time target position, and there are various tools available such as MV imager, [81] kV imager, [82] [83] [84] stereoscopic imaging, [85] hybrid systems, [86] and EM transponders. [87] [88] [89] [90] [91] Keall et al. [81] developed a method based on EPID to track the target motion in real-time and evaluated this method using a dynamic thorax phantom which was implanted with three gold markers. Although they concluded that EPID-based tumor tracking is possible, there exists a latency period and it can be managed by motion prediction.
Poulsen et al. [82] [83] [84] demonstrated a method to localize the moving target position in real time using a single kV imager. The moving target positions were captured using the kV fluoroscopic imaging during the arc delivery. They showed that this method was able to characterize the target motion within 2 mm geometrical accuracy. To add additional advantage, both MV and kV imagers were used to acquire the moving target position. Cho et al. [92] developed a method for real-time target position using combined kV/MV imaging, and using this method, Dynamic Multi Leaf Collimator (DMLC)-based tracking deliveries were attempted in Varian Trilogy linac system. The dosimetric and geometric accuracy (<1 mm with prediction algorithm) was observed to be improved with this combined tracking system. However, the time delay of the integrated system was considerable (~450 ms) and this required the prediction of target position in advance. kV and MV imaging utilizes ionizing radiation for imaging, and continuous imaging of patient for real-time target position would end up with large radiation dose to the patient. Therefore, techniques evolved to minimize/eliminate the ionizing radiation dose. One such method is the Synchrony system available with Cyberknife robotic tracking system which uses both IR camera (external surrogate) and kV stereoscopic imaging (internal surrogate) for moving target localization. [86] Before the treatment delivery, a correlation is determined between IR and X-ray imaging system, and the treatment is continued with IR tracking alone. The validity of this correlation is continuously updated with frequent X-ray imaging.
Another way of eliminating imaging dose is to use non-ionizing radiations, and this is achieved with the EM transponder-based target tracking technique which uses implanted beacon transponders and EM array to monitor the real-time target movements. The Calypso system is the commercially available EM tracking system which was successfully used for gated treatments, and also, recently, the system is extended for tracking techniques. Sawant et al. [87] integrated the commercial Calypso system with a DMLC-based tracking system. The performance of the system in terms of latency (220 ms) and geometric accuracy (<2 mm) was promising. Similarly, Smith et al. [88] also showed the feasibility of DMLC-based target tracking with Calypso system for IMRT delivery. In a follow-up study, Keall et al. [89] used this system for the target tracking in intensity-modulated arc therapy delivery and demonstrated the advantage of this system in reducing the dosimetric uncertainties of target motion. Recently, MRI imaging integrated with linac has also been used to determine target motion in real time for DMLC tracking delivery. [93] 
Real-time beam adaptation
Various approaches such as robotic linac, [94] [95] [96] [97] couch movement, [98] [99] [100] [101] [102] [103] gimbaled linac, [104] [105] [106] [107] [108] [109] and dynamic MLC are available for the real-time tracking.
Tracking using robotic linac
First feasibility of tracking of respiration-induced target motion was achieved with Cyberknife ® system which was developed by Schweikard et al. [94, 95] This system has a robotic arm which moves the linac to follow the moving target. Both the IR camera and X-ray imaging (implanted fiducial markers) are used to precisely locate the moving target position. Before the treatment delivery, a correlation is determined between IR and X-ray imaging system, and the validity of this correlation is continuously updated with frequent X-ray imaging. This robotic-based real-time tracking is clinically used for various sites such as lung, liver, and pancreas, and it is also extended for the tracking of respiration without implanted fiducials. [96] Winter et al. [97] retrospectively analyzed (27 patients) the accuracy of Cyberknife system during robotic radiosurgery of liver using post-treatment log file record and reported the errors (3D radial error -mean ± SD) such as, correlation errors (1.68 ± 1.13 mm), prediction errors (0.26 ± 0.13 mm), end-to-end tracking errors (0.57 ± 0.22 mm), and total errors (1.79 ± 1.16 mm). Among all the uncertainties, correlation errors were the major contributor and these errors were weakly related to target motion amplitude.
Couch-based tracking
Another solution for tracking the respiration-induced target motion is to use the treatment couch system. The couch-based tracking was first demonstrated by D'Souza et al. [98] using a miniature adaptive couch model made up of two moving platforms which simulate the target motion as well as the table/couch movement, respectively. Both the platforms were connected together with an electronic feedback loop. Feasibility of this approach was tested in film measurements, and it was observed that the couch model (bottom platform) was able to follow the top platform motion. Further, they extended this model to a robotic couch, i.e., Hexapod ™ which was connected with an infrared camera for real-time tracking.
Unlike other tracking methods, the couch-based tracking has several limitations. In another study, D'Souza et al. [99] theoretically evaluated the essential couch and controller dynamics for successful couch-tracking system. They determined that to obtain a residual motion <3 mm for the lung tumor motions used in their study, the couch motors with a maximum velocity 16.2 cm/s, 24 times increase in power, and a linear response with input steps up to 3 cm (relative to Hexapod ™ ) were required. This showed that the control system feedback was greatly dependent on both the controller design and velocity/acceleration constraints. Similarly, Wilbert et al. [100] also demonstrated the feasibility of tracking using Hexapod ™ and also emphasized the importance of hardware improvement. They showed that the Hexapod ™ couch was not able to track the target motion velocity >1 cm/s and they also observed a large latency of 400-500 ms for the image-based tracking with respiration periods of 4-5 s.
In addition to the technical limitation, patient comfort is another important concern for the clinical implementation of couch-based tracking. D'Souza et al. [101] showed that patients over a moving couch did not experience motion sickness or external surface instability and this was also supported by Sweeney et al. [102] Another challenge for couch-based tracking is the change in anatomical position (i.e., breathing amplitude variation) due to couch motion. Although D'Souza et al. [101] observed no systemic variation between stationary and movement condition, Wilbert et al. [103] observed lateral movement of the chest wall when couch moved in the craniocaudal and anterior-posterior direction.
Tracking using gimbaled system
The third approach for tracking the respiration-induced target motion uses gimbaled X-ray head. Kamino et al. [104] developed a novel gimbaled X-ray head for 4D image-guided radiotherapy called Vero (collaborative development of BrainLAB AG, Feldkirchen, Germany and Mitsubishi Heavy Industries, Tokyo, Japan). The system has a 6 MV C-band linac and a MLC system attached to an O-ring gantry. The linac assembly is fitted to two orthogonal gimbals for pan and tilt motions of the X-ray beam, and this enables the possibility of real-time tracking of moving targets with independent DMLC motion for intensity modulation. The Vero system is also equipped with three imaging detectors; an EPID portal imaging device for MV imaging and two orthogonal kV imaging systems (attached with the O-ring at 45° from the central axis of MV beam). This system showed an excellent geometric accuracy (<1 mm) and system latency (<50 ms with IR camera tracking). [105] Recently, the Vero system was successfully implemented in clinical practice. [106, 107] Depuydt et al. [106] reported first clinical experience with Vero tumor-tracking system. They observed that planning target volume (PTV) reduction due to tracking was 35% for single lesion SBRT and this translated to less lung and liver complication probability (1%). They also recommended to use a GTV-PTV margin of 5 mm and advised not to reduce the margin below 5 mm without proper understanding of biological characteristics of tumor. Similarly, Iizuka et al. [109] also reported their experience with Vero tumor-tracking system for liver SBRT treatment, and on average, the mean dose of the liver was reduced to 16% without compromising the tumor dose/tumor control (11-month median follow-up and 90% local control rate). The predictive errors of Vero tracking system for liver treatments were within couple of millimeters (95 th percentiles: 1.1, 2.3, and 1.7 mm in the left-right, craniocaudal, and anterior-posterior directions, respectively).
Tracking using dynamic multileaf collimator
The last approach for tracking the respiration-induced target motion is based on DMLC whose motion is synchronized with the moving target. This approach was first proposed by Keall et al. [110] who showed the feasibility of tracking in a DMLC-based IMRT delivery. Neicu et al. [111] described synchronized moving aperture radiotherapy (SMART) in which the respiration-induced target motion was synchronized with the IMRT leaf motions. It was shown that the error during SMART could be kept to within couple of millimeters for 4 out of 11 lung motions with reasonable delivery efficiency under free breathing conditions.
Tracking in three-dimensional conformal radiation therapy (3DCRT) is relatively easy and straight forward, but the same in IMRT is a challenging task as the leaf motion of MLC should not only follow the respiration-induced target motion but also as required for intensity modulation. The usual leaf motion calculation algorithms (for 3D IMRT) are not adequate for tracking, and sophisticated algorithms are required. Extensive theoretical investigations for synchronizing the target motion (one-dimensional [1D]) during IMRT delivery were carried out by Papiez et al. [112] [113] [114] [115] [116] and Webb et al. [117] [118] [119] [120] [121] [122] [123] [124] Papiez [112, 113] developed algorithms to synchronize the prior rigid target motions during dynamic IMRT delivery; a leaf motion formulation was derived for delivering the IMRT to a 1D moving rigid target with two technical constraints (predefined IMRT fluence and maximum MLC leaf speed) with an emphasis to minimize the irradiation time (number of MUs). Later, the algorithm was extended to include the target deformation.
[114] The target deformation was simplified into a 1D translational motion of target center of mass due to expansion and compression of target, and this was inputted during MLC leaf sequencing. Similar to the previous rigid target algorithm, the two constraints were also included in the study. Webb [117] investigated the effect of intrafractional target motion in IMRT delivery and suggested a practical strategy called "stretch-and-shift-the-planned-modulations" for incorporating the target motions. The density change due to respiration is also another issue, and the effect should be understood. Webb [119] showed that the density change due to breathing is fairly small. Webb and Binnie [120] demonstrated the feasibility of tracking differential target motion with deformation during IMRT and determined that mean position was the best method; in a follow-up study, McClelland et al. [125] implemented this method in 4DCT.
The above algorithms were able to include only 1D motion (parallel to MLC leaf motion) whereas the target is moving in 3D. Rangaraj et al. [126] developed an algorithm to track the 2D target motion (both parallel and perpendicular to MLC leaf motion) in IMRT. The target motion parallel to MLC leaf motion was accounted similar to previous algorithms, and the perpendicular target motion was accounted by translating the leaf positions from one leaf to the next that matches the target motion in that axis. To achieve optimal leaf shifting, the MLC leaf motions were synchronized using a mid-time trajectory. For a given leaf pair, the mid-time trajectory lies at middle of leading and trailing leaves trajectories.
Previously discussed algorithms considered only prior target motion which is suboptimal because the target motions measured at simulation may not be same/constant during treatment delivery; therefore, robust real-time algorithms are required. The above-discussed algorithms were also extended to include the real-time target motion. [115, 127] Experimental investigations of tracking with a clinical linear accelerator were also attempted. McQuaid et al. [128] demonstrated the feasibility of tracking a target motion during IMRT delivery using an Elekta linac with MLCi system. The experiments were carried out using a moving phantom programmed to reproduce 2D elliptical motion in BEV for the breathing period of 10 s. Results of this study showed that the tracking delivery was similar to static delivery and this ensured that the linac was capable for the tracking technique. One of the notable experimental works on tracking was reported by Sawant et al. [129] who developed and demonstrated a novel 3D real-time tracking algorithm for 3DCRT, IMRT, and VMAT. The proposed algorithm was capable of obtaining real-time target motion from a separate motion monitoring system and reshape the MLC apertures as per the target motion. Preliminary studies involving the geometric (using an in-house DMLC tracking system) and dosimetric accuracy measurements (Varian Trilogy) showed promising results. The algorithm resulted in a submillimeter geometric accuracy and superior dosimetric accuracy (4.8, 1.7, 2.3, and 3.8 times dosimetric improvement in 3DCRT, step-shoot IMRT, dynamic IMRT, and VMAT). Tracking the perpendicular target motion (target motion perpendicular to MLC leaf motion; usually Y-axis motion [craniocaudal] when collimator is set to 0°) resulted in significantly less treatment efficiency compared to parallel tracking (target motion parallel to MLC leaf motion; usually X-axis motion [mediolateral] when collimator is set to 0°).
Tewatia et al. [130] demonstrated a breathing synchronized delivery (BSD) for IMRT in a clinical linear accelerator without any hardware modifications. In this method, 1D target motion (parallel to MLC leaf motion) was overlaid with DMLC leaf motions. The average target motion trajectory was obtained by deformable image registration of 4DCT images. A key point in the BSD is the constancy of patient breathing, i.e., during treatment delivery patient should breathe similar to 4DCT simulation. The feasibility of this technique was demonstrated in phantom experiments, and dosimetric results showed that the BSD could significantly reduce the target motion uncertainties. Tacke et al. [131] designed a dynamic real-time MLC control system for Siemens 160 MLC ™ . This control system contains specialized algorithms for continuous reshaping of MLC aperture as per real-time target position. Experimental measurements were carried out to measure the dosimetric accuracy of the tracking system using Gafchromic films. It was observed that the tracking system improved the dosimetric accuracy (gamma evaluation pass rate [2%/2 mm]) from 19% to 77% for a clinical IMRT. However, the main limitations of the new tracking system were the latency (400 ms) and the MLC leaf width (5 mm). Breathing motion variation or irregularity is an important concern for tracking. For the patients who have irregular breathing, the audiovisual feedback system may be useful for regularizing the breathing pattern. [132] Alternatively, other techniques can also be employed to handle the breathing irregularity. Yi et al. [133] developed a novel method called dose rate-regulated tracking (DRRT) for real-time tumor tracking using DMLC with free breathing condition. The DRRT method used the preprogrammed DMLC leaf motions synchronized with prior target motions, and any variation/ irregularity in breathing was handled with real-time dose rate modification. The dose rate modifications would either speed up or slow down the radiation delivery.
Fixed field IMRT has evolved to VMAT to achieve further dose conformity and treatment efficiency. Due to the increased clinical utility, almost all the new machines are coming up with VMAT capability. Recently, few studies attempted to accommodate respiration-induced target motion during VMAT treatments. [134] [135] [136] [137] Sun et al. [135] proposed an optimal VMAT algorithm to track 2D rigid target motion in the BEV. The target motion along with DMLC leaf motion was included through MLC leaf velocity modification whereas the target motion perpendicular to MLC leaf motion was accommodated by shifting the MLC leaves appropriately. [126] Davies et al. [136] evaluated the VMAT tracking using computer simulations. They reported that faster MLC leaf velocity is beneficial for larger velocity target motions; further, the tracking accuracy was observed to be improved with decreased control point spacing and was dependent on the target motion velocity. In a follow-up study, Davies et al. [137] carried out experimental and simulation measurements with Elekta Agility MLC system for VMAT tracking. The dosimetric results were promising and they highlighted the advantage of Agility MLC in VMAT tracking. Zimmerman et al. [138] attempted to track the respiration-induced target motion in Varian RapidArc ™ delivery. Their results demonstrated that the DMLC tracking with RapidArc ™ is feasible; however, they observed a difficulty due to the noise originating from the RPM system which influenced the tracking delivery.
The real-time tracking system has various technical constraints such as physical limitation of MLC leaf velocity and acceleration and latency (delay), which should be characterized for optimal treatment delivery. The MLC leaf speed limitation is an important issue for DMLC tracking, especially when using leaf shifting strategy for 2D tracking. Wijesooriya et al. [139] measured the maximum leaf speed and acceleration/deceleration (at dose rate 300 MU/min) of Varian Millennium 120 MLC system to determine whether the MLC system is capable of DMLC tracking. The maximum MLC leaf speed was observed to be 3.3-3.9 cm/s at isocenter whereas the acceleration and deceleration were 50-69 cm/s 2 and 46-52 cm/s 2 , respectively. They concluded that the MLC characteristics were suitable for DMLC tracking for up to 97% of respiration, and during the use of larger velocities, the beam should be temporarily stopped (beam-hold). Rangaraj et al. [126] evaluated the impact of MLC leaf speed limitation on DMLC tracking of 2D target motion and concluded that the dosimetric errors were completely eliminated when the leaf speed limitation is removed.
The latency (delay) of tracking system would create a misalignment between the radiation beam and moving target. [142] [143] [144] [145] [146] Therefore, this should be thoroughly measured for a tracking system and should be accounted for. Table 3 shows the latency period of different tracking techniques. Poulsen et al. [143] developed a method to analyze the latency period of a prototype image-based DMLC tracking system. They reported a latency period of 380 ± 9 ms and 420 ± 12 ms for MV and kV image-based tracking, respectively, when using the image acquisition interval 150 ms. Webb et al. [121] also developed a theoretical model to quantify the uncertainties due to latency of DMLC tracking system and concluded that the uncertainties of system latency depend on the intensity modulation, changes in breathing condition, and the magnitude of latency period. Recently, Bedford et al. [146] investigated the dosimetric effect of latency on the DMLC-based tracking in VMAT for five SBRT lung patients. The latency was changed from 0 to 500 ms with 50 ms steps. They demonstrated that the latency period <150 ms resulted in minor effect on the VMAT tracking and the latency period >150 ms definitely requires a margin.
Recently, the DMLC-based has been implemented clinically. Keall et al. [91] reported the first clinical treatment of a prostate patient using EM transponder-guided (Calypso) DMLC tracking and observed a decreased rectal dose (for an average shift 1.2 mm) with DMLC tracking compared to non-tracking. Same group [147] also extended the DMLC tracking for lung stereotactic ablative body radiotherapy. Compared to standard ITV approach, DMLC tracking reduced the PTV volume by 41% and the lung dose was also decreased (51% mean lung dose; 51% lung V20 and 51% lung V5).
suMMary
Respiration facilitates tumors such as lung, liver, kidney, pancreas, esophagus, and prostate to be dynamic, and the majority of motion is observed to be in the craniocaudal direction. Small size lung tumors attached to lower lobe are observed to move more compared to large size tumors attached to the middle and upper lobe.
Respiration-induced target motion affects all the processes of radiation therapy. During treatment delivery, respiratory motion introduces dosimetric uncertainties. In case of non-dynamic treatment delivery, respiratory motion produces averaging and blurring of dose at field edge, whereas in dynamic treatment delivery, it also produces interplay effect which is created due to the simultaneous motion of MLC leaves and target. It has been shown that the dosimetric impact of respiratory motion is averaged out in conventional fractionation as well as hypofractionation treatments, i.e., SBRT.
Three ways of managing respiratory motion are reported, i.e., (1) motion-encompassing method, (2) gating, and (3) tracking.
In motion-encompassing method, treatment field aperture is opened wide enough to include entire target motion trajectory. Various approaches were reported to determine the target motion trajectory (or ITV), i.e., fluoroscopy, slow CT, breath-hold CT, 4DCT, CBCT, etc., Among all, 4DCT is considered to be standard of care for defining ITV. However, respiration-induced target motion observed during simulation may not be constant, and there may be an interfractional variation which should be considered while defining the margins.
In gating, as treatment is delivered during particular time/phase of respiration, resultant ITV volume is relatively small compared to motion-encompassing method, whereas the treatment time is prolonged. Since gating requires multiple beam interruptions/beam-hold, the dosimetric characteristics (beam output, flatness, and symmetry) of gated delivery should be compared and verified against the corresponding non-gating delivery. Gating during exhale is observed to be more reproducible. Gated technique can also be used during dynamic treatments such as IMRT and VMAT. Trigger delay in a gated delivery should be measured and accounted for accurate targeting. Any phase shift between the internal target motion and external surrogate motion should be measured and included while planning gated delivery. In addition, constancy of respiratory motion and phase shift (between the internal Sawant et al. [87] Millennium 120 MLC + Calypso~220 Depuydt et al. [105] Vero+ExacTrac 47.7 Tacke et al. [131] Siemens 160 MLC™ 400.0 Keall et al. [142] Millennium 120 MLC + RPM system 160.0
Poulsen et al. [143] Millennium 120 MLC + MV imager (AS1000) 380.0±9.0 Millennium 120 MLC + kV imager (OBI) 420.0±12.0
Hoogeman et al. [144] Cyberknife + Synchrony 192.5 Fast et al. [145] Agility MLC 37-69 MLC: Multileaf collimator, OBI: Onboard imager target motion and external surrogate motion) over the course of treatment should also be monitored. The breath-hold is also another form of gating in which the radiation beam is administrated during breath-hold. Breath-hold is advantageous because it increases duty cycle with minimal/no residual target motion whereas the main disadvantage is that it may not be applicable to all lung cancer patients due to their pulmonary compromised status. The breath-hold technique may be a valuable technique in the left breast cancer radiotherapy for decreasing the cardiac complications, where the breath-hold can be used to push the chest wall away from the heart.
Gating technique prolongs treatment time and this may cause patient discomfort and decrease patient throughput. In tracking technique, treatment is delivered without any beam hold. In principle, tracking can be achieved through the motion of either robotic linac or couch or linac attached with gimbaled mechanism or dynamic MLC. Tracking using robotic linac and gimbaled mechanism is commercially available in Cyberknife robotic system (Accuray, Sunnyvale, CA) and Vero system (BrainLAB AG, Feldkirchen, Germany) respectively, and the DMLC-based tracking has been recently implemented in clinical practice. DMLC-based tracking has several technical limitations, i.e., maximum velocity, acceleration/deceleration of leaves, etc., that should be addressed before clinical implementation. To circumvent imaging dose, alternative methods such as hybrid techniques (external surrogate signal using optical system plus internal target motion using X-ray imaging), EM transponders, and MRI are being explored to determine real-time target position. All tracking methods have inevitable latency period which is defined as the time delay between target position and tracking system response. It was observed that latency period <150 ms would not affect the delivery accuracy of tracking based on DMLC.
This article appraises the current knowledge about t h e m a g n i t u d e , u n c e r t a i n t i e s , a n d s o l u t i o n s o f respiration-induced target motion, and it will be particularly helpful to the medical physicists and physicians for a better understanding of the respiratory motion management in radiation oncology.
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